Summary Effects of externally applied noradrenaline and isoprenaline on the electrical and mechanical activities of the guinea-pig was deferens were observed using the double sucrose gap method. 1. Noradrenaline (10-8-10-5g/ml) depolarized the membrane, reduced the membrane resistance, produced spike generation and brought about contraction (a-response). These effects were suppressed by treatment with phentolamine (10-6-10-5g/ml). 2. The a-response is caused by increased Na and K conductances, and probably by increased Ca conductance also. The Cl ion reduced the a-response due to high conductance of the membrane. 3. Isoprenaline (10-7-10-8g/ml) neither depolarized the membrane nor changed the membrane resistance but reduced the amplitude of the phasic contraction (8-response) evoked by an outward current pulse. The suppression of the contraction was blocked by treatment with propranolol (10-6g/ml). 4. Ouabain (10-6g/ml) depolarized the membrane, reduced the membrane resistance and increased the spike frequency. Under the above conditions, effects of catecholamines were not suppressed. 5. The relationships between the membrane potential and tension development were observed using the microelectrode and double sucrose gap methods. The amplitudes of the phasic response of the contracture were closely related to membrane potential levels displaced by excess K ion, but the amplitudes of the tonic response were not related. 6. In excess K-Krebs solution (below 59mM), noradrenaline (10-7-10-6g/ml) and isoprenaline (10-7-10-6g/ml) were similar to those observed in 5.9mM K-Krebs. When external Na ion was removed, however, the effects of noradrenaline and isoprenaline were absent. 7. If K-Krebs solution was in excess (above 59mM), the amplitude of the tonic response of the contracture was less than 20% of the amplitude
of the phasic response. Noradrenaline (10-8-10-9g/ml) and isoprenaline (10-6-10-5g/ml) did not have any marked effect on electrical and mechanical properties of the muscle. 8. Acetylcholine (10-7-10-6g/ml) had effects similar to those of noradrenaline on the normal and depolarized muscle. 9. Possible actions of noradrenaline and isoprenaline in the normal and depolarized muscles were discussed in relation to the electrical and mechanical properties of the guinea-pig taenia coli. Figure 2 shows a typical example of the effects of noradrenaline (10-7g/ml) and isoprenaline (10-7g/ml) on the electrical and mechanical activities of the guineapig was deferens. Noradrenaline depolarized the membrane, reduced the membrane resistance, generated spike discharges and evoked phasic contraction. On 
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Effects of noradrenaline (10-7g/ml) and isoprenaline (10-7g/ml) on electrical and mechanical activities. Nor: noradrenaline. Iso: isoprenaline.
•›: applications of catecholamine. resistance was increased (1.21-1.07 times the control value) and amplitudes of the phasic contraction generated by the outward current pulses were reduced, although effects of noradrenaline (10-7g/ml) and isoprenaline (10-7g/ml) were still observed (Fig. 5) . It is known that ouabain suppresses the Na-K active transport system of the membrane (see reviews of STRAUB, 1967 CALDWELL, 1968 . To investigate whether or not the effects of catecholamines on the smooth muscle are related to the Na-K transport system, the effects of catecholamines in the presence of ouabain were studied. Figure 6 shows the effects of catecholamines (noradrenaline and isoprenaline) on electrical and mechanical activities of the smooth muscle in the presence of ouabain (10-6g/ml). Ouabain depolarized the membrane (8-12mV, n=3), reduced the membrane resistance (0.68-0.74 times the control, n=3) and increased the spike frequency. The amplitudes of the phasic contraction generated by an outward current pulse, however, were reduced. Under treatment with ouabain, effects of noradrenaline (10-7g/ml) and isoprenaline (10-7 g/ml) could still be observed. Furthermore, effects of noradrenaline on the phasic contraction evoked by electrical stimulation were enhanced. Effects of catecholamines were also observed in following simultaneous applications of ouabain (10-6g/ml) and K-deficiency (0.59mM). Potassium deficiency is also thought to suppress the Na-K active transport system. In the above solution , effects of noradrenaline (10-7g/ml) and isoprenaline (10-7g/ml) could still be observed.
Effects of catecholamines in the depolarized smooth muscle produced by excess K-Krebs
In the guinea-pig taenia coli, isotonic K-Krebs solution depolarizes the membrane and evokes contracture of the muscle. The contracture of the muscle has two components the initial phasic response and a tonic response. In the phasic response, the Ca ion is thought to be released from an intracellular site, whereas in the tonic response Ca probably crosses the membrane (URAKAWA and HOLLAND, 1964) . On the other hand, IMAI and TAKEDA (1967) concluded that the phasic response and a part of the tonic response of the contracture depend upon the extracellular Ca for their initiation and that the rest of the tonic response draws on a store of bound Ca for its evolution.
With the was deferens, the two components of the contracture could be observed under excess K-Krebs (more than 29.5mM). The initial phasic response developed rapidly because of depolarization and spiking of the membrane, and the depolarization was still present when the phasic tension started to relax. The tonic response was at an amplitude of about 20% of the phasic response. Figure 7 shows the effects of excess K-Krebs solution (59mm and 118mM) on the electrical and mechanical activities of the smooth muscle. When 20 times the normal K-Krebs solution (118mm) was applied to the tissue, the membrane was markedly depolarized and membrane resistance was reduced to below one tenth the control value. When the external solution was then replaced by 10 times the normal K-Krebs solution (59mm K ion), the membrane was repolarized (9mV in Fig. 7 ) and membrane resistance was slightly increased. However, no difference in the amplitude of the tonic response was observed. When 10 times the normal K-Krebs solution was previously given, the application of 20 times the normal K-Krebs solution further depolarized the membrane and produced the phasic response of the contracture on the tonic response. However, the phasic response declined to the level before application of the 20 times the normal KKrebs solution.
The tonic response of K-induced contracture was dependent on the external Ca ion. As shown in Fig. 8 , when the tissue was perfused with Ca-free and 118 mM K-Krebs solution (20 times control), the tonic response did not appear. After further addition of the normal concentration of Ca ion (2.5mM), the amplitude of the tonic response was similar to that observed in 118mm K-Krebs solution. However, no phasic response could be observed.
The relationships between the membrane potentials and tension development with various K-concentrations are illustrated in Figs. 9 and 10. Changes in the membrane potential with the various K-concentrations (5.9-143mM) were plotted using relative values in Fig. 9 and absolute values in Fig. 10 . The relative amplitudes of the contracture were compared with the amplitudes of the phasic responses evoked by the isotonic K-Krebs solution (143mM). The phasic responses increased their amplitudes as a function of depolarization but the tonic response showed nearly the same amplitude at any given concentration of K ion (29.5-143mM).
The mean amplitude of the tonic response was about 20% of the phasic response evoked by isotonic K-Krebs solution. The critical concentration of K ion needed to bring about a contracture was 29.5mm and the membrane was depolarized to -42mV (Fig. 10) . Effects of catecholamines on the electrical and mechanical activities with various K-concentrations are illustrated in Figs. 11 and 12. Figure 11 shows the effects of noradrenaline (10-7g/ml) and isoprenaline (10-7g/ml) in 29.5mM (5 times control), in 59mm (10 times control) and in 118mm (20 times control) KKrebs solution, respectively. In the excess K-Krebs solution (29.5-59mM), noradrenaline resulted in phasic contraction due to increase of the spike frequency and reduction of the membrane resistance. Isoprenaline relaxed the amplitude of the tonic response with or without changes in spike frequency. For example, as shown in Fig. 12 , isoprenaline (10-7g/ml) relaxed the tonic response without any remarkable change in the membrane potential, membrane resistance or spike frequency. In some preparations, however, isoprenaline (10-7g/ml) slightly hyperpolarized the membrane and reduced the spike frequency. On the other hand, noradrenaline (10-7g/ml) consistently reduced the membrane resistance and increased the spike frequency, thus enhancing the tension development. When the external concentration of K ion increased more than ten times the normal concentration (59mM), noradrenaline and isoprenaline did not influence the electrical and mechanical activities of the smooth muscle. Not only in the excess K-Krebs solution (more than 59mM) but in the Na-free (tris) excess K-Krebs solution, noradrenaline (10-6-10-7g/ml) and isoprenaline (10-6-10-7g/ml) did not cause change in the electrical or mechanical activities of the muscle. Figure 13 shows the effects of noradrenaline (10-6g/ml) and isoprenaline (10-6g/ml) on the K-Krebs solutions ten times the normal and on K ten times the normal with Na-free Krebs solution. No remarkable effect of catecholamine was observed in the Na-free Krebs solution. These results indicate that in either normal or in excess K-concentration, catecholamines require the presence of Na ion to produce effects. Effects of acetylcholine on the electrical and mechanical properties in normal and in depolarized muscle were observed and com pared with noraderenaline data. As shown in Fig. 14 , acetylcholine (10-7g/ml) depolarized the membrane, reduced the membrane resistance and increased the spike frequency, thus causing the development of phasic contraction. The effects, of acetylcholine on smooth muscle were small compared with those observed by the application of the same concentration of noradrenaline. With administration of 20 times the excess K-Krebs solution, acetylcholine (10-7g/ml) neither depolarized nor reduced the membrane resistance, and no change in the amplitude of the tonic response was observed, but in some preparations the amplitude of the tonic response was slightly suppressed.
DISCUSSION
The effects of noradrenaline and isoprenaline on the electrical and mechanical The effects of isoprenaline on both tissues are summarized as follows: (i) Isoprenaline causes no marked change in either tissue in the membrane resistance of the control or the muscle depolarized by excess K-Krebs (below 59mm), but relaxes the tonic response of the contracture. (ii) In the taenia coli, isoprenaline suppresses spontaneous spike generation in Krebs solution but in the was deferens, suppression of the spontaneous spike was not an essential factor in suppression of tension development. (iii) In isotonic K solution, treatment with isoprenaline markedly relaxes the non-pregnant rat myometrium (SCHILD, 1967) and slightly relaxes the guinea-pig taenia coli. No relaxation occurs with the guinea-pig was deferens.
(iv) With or without the presence of ouabain, isoprenaline suppresses tension development in both tissues in Krebs solution. (v) In the absence of Na ion, isoprenaline does not relax muscle tone in either tissues. In the taenia coli, the Na-free solution increases the influx of Ca ion (BULBRING and TOMITA, 1970) and also suppresses the reabsorption of Ca ion from the myoplasm (MAGARIBUCHI and KURIYAMA, 1972; SAKAMOTO and KURIYAMA, 1971) , thus causing enhancement of the amplitude of the tonic response, but isoprenaline does not have any effect. On the other hand, in the was deferens, the Na-free solution does not enhance the amplitude of the tonic response of the contracture, but isoprenaline has no effect.
It was suggested by others that Ca ion releasing mechanisms which cause contracture may be different with excess K-solution and with acetylcholine (EVANS et al., 1958; SCHILD, 1967; HURWITZ et al., 1967; VAN BREEMEN and DANIEL, 1966) . However, in the was deferens the tonic response of the contracture was not modified by treatment with acetylcholine. Therefore, the same mechanism for release of Ca ions may occur with excess K-Krebs and with acetylcholine. Furthermore, the results suggest that a similar ionic mechanism might be involved in the actions of noradrenaline and acetylcholine. EBASHI and ENDO (1968) have reviewed the mechanical properties of the contractile proteins in relation to Ca ion. They postulate that the amplitude of the tonic response is determined by an equilibrium concentration of free Ca ion in the myoplasm reflecting the release and reabsorption of Ca ion from the reticulum in the skeletal muscle. The amplitude of the phasic response is directly related to the membrane potential level, but the amplitude of the tonic response is not directly related. In the was deferens, the relaxation time is very short and the amplitude of the tonic response is low, indicating high activity of the reabsorption process for Ca ion from the myoplasm.
In the excess K-Krebs solution (29.5-59mM), isoprenaline relaxed the tonic response of the contracture. Isoprenaline might relax the tonic response of the contracture by the acceleration of reabsorption of Ca ion from the myoplasm with or without suppression of the spiking. The influx of Ca ion from the external medium in the myoplasm is thought to be the main source for the tonic response of the contracture in the was deferens, since under treatment with equivalent concentration of La ion for Ca ion, the tonic response is completely inhibited. However, in the taenia coli the tonic response of the contracture is only partly suppressed (MAGARIBUCHI and KURIYAMA, unpublished observations). In many visceral smooth muscles, it was concluded that La ion solely suppressed the influx of Ca ion into normal and depolarized muscle measured with flux and mechanical methods (WEISS and GOODMAN, 1969; GOODMAN and WEISS, 1971) . Therefore, strong activity of Ca-reabsorption processes and a small rate of influx of Ca ion with depolarization of the membrane might maintain the low amplitude of the tonic response of the contracture, thus explaining the lack an effect of isoprenaline on the relaxation of the muscle tone under treatment with excess K-Krebs solution (more than 59mM).
In conclusion, noradrenaline increased the Na, K and probably Ca con ductance as the mechanism postulated for the action of acetylcholine on the guinea-pig taenia coli (BULBRING and KURIYAMA, 1963) . The Cl-conductance under normal conditions might be high and therefore the effects of noradrenaline is suppressed by the Cl leakage current. Since the replacement of Cl ion with a less permeable anion, the effects of noradrenaline on the electrical and mechanical activities were enhanced.
